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CHAPTER 1 

INTRODUCTION 

The need f o r  low l e v e l  a c c e l e r a t i o n  o r  f o r c e  measur- 

i n g  dev ices  i s  r a p i d l y  inc reas ing .  A s  i n e r t i a l  i n s t r u -  

ments become more s e n s i t i v e ,  t h e i r  t e s t i n g  becomes more 

e l a b o r a t e .  V i b r a t i o n  i s o l a t i o n  and seismic n o i s e  f i l t e r s  

h e l p  t o  p rov ide  a r e l a t i v e l y  s t a b l e  tes t  base.  

Cont inuous low t h r u s t  space v e h i c l e s  r e q u i r e  acceler-  

ometers  w i th  s e n s i t i v i t i e s  below 10-5g. 

and t es t  of such acce lerometers  on e a r t h  i s  no t  e lementary .  

The c a l i b r a t i o n  

An i n v e s t i g a t i o n  i n t o  t h e  des ign  of  a l o w  l e v e l  s i n g l e  

a x i s  acce lerometer  i n  t h e  micro-g sub-micro-g l e v e l  i s  be ing  

p r e s e n t l y  conducted a t  t h e  Experimental  Astronomy Labora tory  

of t h e  Massachuse t t s  I n s t i t u t e  o f  Technology. 

I n  LLAMA, acronym f o r  Low Level Acce le ra t ion  Measurement 

Appara tus ,  i t  i s  proposed t o  use a magnet which i s  diamag- 

n e t i c a l l y  suppor ted  i n s i d e  a superconduct ing tube  as  t h e  

proof  mass ,  a d i sp lacement  d e t e c t o r  s e n s i t i v e  t o  t h e  s l i g h -  

test . ~ r r i a l  m n t i c r !  of t h e  magnet, a Inw l e v e l  r e s t o r i n g  f o r c e  

t o  b r i n g  t h e  magnet back t o  n u l l  and a means f o r  low-g 

ca l i b r a t  i o n .  
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T h i s  t h e s i s  i s  concerned i n  examining p o s s i b l e  sou rces  

of low l e v e l  f o r c e  i n  t h e  10-3-10-6 dynes  range f o r  t h e  

c o n t r o l  of t h e  magnet and i n  i n v e s t i g a t i n g ,  i n  a p r e l i m i n a r y  

f a s h i o n ,  t h e  f e a s i b i l i t y  of  a l o w  l e v e l  accelerometer i n -  

co rpora t ing  t h i s  method of  suspens ion .  
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CHAPTER 2 

THE SUSPENSION 

2 I 1 I d e a l  Smpens ion  

The i d e a l  suspension f o r  t h i s  a p p l i c a t i o n  i s  one 

t h a t ,  a long  one ax is  t h e r e  ex i s t s  a z e r o  f o r c e  o r  n e u t r a l  

r eg ion  t h a t  exhib i t s  no s t i c t i o n ,  f r i c t i o n ,  o r  h y s t e r e s i s  

s o  t h a t  t h e  a p p l i c a t i o n  of the smallest  f o r c e  w i l l  cause 

t h e  suppor ted  m e m b e r  t o  d i s p l a c e  from i t s  rest  p o s i t i o n .  

m q e t i c  Suspension 

The d iamagnet ic  o r  Meissner e f f ec t  suspens ion  i s  t h e  

s u b j e c t  of a Masters T h e s i s  by P.K.  Chapman*. 

d e s c r i p t i o n  i s  g iven  h e r e .  

A b r i e f  

When a metal such as l ead  o r  niobium i s  c o o l e d ,  i t s  

r e s i s t a n c e  drops  wi th  dec rease  i n  tempera ture  u n t i l  a 

c r i t i c a l  tempera ture  i s  reached (7. 1°K f o r  l e a d  and 8'K 

f o r  niobium) when suddenly t h e  m a t e r i a l  l o s e s  a l l  i t s  

r e s i s t a n c e  a r  i becomes what i s  termed, a superconductor .  
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A superconductor  d i s p l a y s  t h e  p r o p e r t y  of e x p e l l i n g  

a l l  magnetic f i e l d s  wi th in  i t ,  i . e . ,  i t  becomes p e r f e c t l y  

diamagnet ic .  This  l a t t e r  p r o p e r t y  i s  termed t h e  Meissner 

E f f e c t .  2 9 3  

I f  a smal l  magnet i s  lowered over  a superconduct ing  

p l a n e ,  t h e  f l u x  of t h e  magnet cannot  p e n e t r a t e  t h e  super -  

conductor and w i l l  be squashed,  see F igure  2 .2 -1 ,  t h u s  

r e s u l t i n g  i n  an upward f o r c e .  

i s  chosen c o r r e c t l y ,  r e l a t i v e  t o  i t s  p o l e  s t r e n g t h  and 

dimensions,  t h i s  upward f o r c e  can be s u f f i c i e n t  f o r  sup- 

I f  t h e  mass of t h e  magnet 

p o r t i n g  t h e  magnet. 

If t h e  magnet moves h o r i z o n t a l l y ,  this suppor t  f o r c e  

moves along i l l so ,  SG t h a t  Che suspensinn is stable i n  t h e  

v e r t i c a l  d i r e c t i o n .  

I n  L'UMA, the magnet is f l o a t e d  a t  the  c e n t e r  of a 

superconduct ing t cbe  so that_ i t  i s  f r e e  a long  t h e  p o l a r  

a x i s  of t h e  tube and ir? s t a b l e  e q u i l i b r i u m  a long  t h e  

o t h e r  two axes .  

2.3 Suspension C h a r a c t e r i s t i c s  

Experiments showed t h a t  t h e  magnet tended t o  be ex- 

p e l l e d  from t h e  tube .  

i n  Ref. 1, the  f o r c e  a c t i n g  on the magnet when d i s p l a c e d  

from the  c e n t e r  of t h e  tube i s  

According t o  t h e  model developed 
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F = -rl s i n h  2 c x 
X 

where 

= f o r c e  on magnet a t  a x i a l  d i sp lacement  x 
Fx from n u l l  

a = c o n s t a n t  - -  depends on g e m e t r y  of tube 
and t h e  magnet and t h e  p o l e  s t r e n g t h  of 
t h e  magnet 

tube  
c = cons tan t  - -  depends on t h e  r a d i u s  of t h e  

A s k e t c h  of t h e  v a r i a t i o n  of t h e  f o r c e  wi th  d i s p l a c e -  

ment i s  shown i n  F igu re  2.3-1. Although t h e  suspens ion  

i s  uns t ab le  i n  t h e  a x i a l  d i r e c t i o n ,  t h a t  i s  any d i s p l a c e -  

ment of  t h e  magnet f r o x  n u l l  w i l l  cause i t  t o  be e x p e l l e d ,  

t h e  i n i t i a l  n e g a t i v e  spLing ciinsita?it is claimed Cc be v e r y  

small. Mere i rnpnrtant  is t h a t  t h e  suspens ion  e x h i b i t s  no 

s t i c t i o n  - -  a p r o p e r t y  so v i t a l  f o r  t h e  d e t e c t i o n  of s m a i i  

f o r c e s .  

2 .4  The Suspended Element 

The suspended element  i s  a n  Aln ico  V magnet 1.6 cm 

l o n g ,  0.3 c m  i n  d i a m e t e r ,  and weighing 1 gram. 

The f l o a t  h e i g h t  w a s  1 .5  mm below t h e  c e n t r e  of t h e  

25 mm diameter  superconduct ing  t u b e .  A photograph of t h e  
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f l o a t i n g  magnet i s  shown i n  F i g u r e  2 . 4 - 1 .  The magnet has  

a 1 cm diameter  aluminum d i s c  a t  each end.  

2 . 5  The Dewar 

The b a s i c  c o n s t r u c t i o n  of t h e  metal dewar i s  shown 

i n  Figure 2.5-1, and t h e  d e t a i l s  are  g iven  i n  Ref. 1. 

Niobium ( o r  columbium) s h e e t  i s  wrapped around a cop- 

p e r  tube housed i n  a copper b lock  which i s  a t t a c h e d  t o  t h e  

bottom of a l i q u i d  hel ium i n n e r  b o t t l e  . A vacuum o u t e r  

jacket sur rnrmds  t h i s  b o t t l e .  

B o  win.iciws i n  t h e  o u t e r  j a c k e t  enab le  t h e  magnet t o  

be viewed from bo th  ends .  The magnet i s  s t o r e d  i n  an 

a ~ ~ t e  chaibeT!l wh i l e  t h e  n iob i -m is  cooled t o  avoid  f l u x  I 1  

t r app ing  and is  i n s e r t e d  i n t o  t h e  tube  by means of a 

spoon manipu?ated frm, outside v i a  I C '  ring f eed  through. 

The base of t h e  dewar rests on a 3 p o i n t  suppor t  so 

t h a t  by va ry ing  t h e  l e n g t h  of  one of t h e  s u p p o r t s ,  small 

t i l t  angles  can be a p p l i e d .  

2 .6  Suspension Damping 

Some degree  of eddy c u r r e n t  damping i s  provided  by 

t h e  presence of t h e  copper tube  i n s i d e  t h e  superconduct ing  

tube .  Experiments have i n d i c a t e d  a damping t i m e  c o n s t a n t  

of 3 seconds.  
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Figure 2 . 4 - 1  Magnet Floating Inside Superconducting 
Tube 
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CHAPTER '3 

LOW LEVEL FORCES 

- 3 . 1  Need - f o r  Low Level Forces  

I f  LLAMA i s  s u b j e c t e d  t o  an a c c e l e r a t i o n  of 10-6g 

a long  i t s  s e n s i t i v e  a x i s ,  a r e s t o r i n g  f o r c e  of about  

dynes would be needed t o  keep the  1 gram magnet a t  i t s  

n u l l  p o s i t i o n .  I n c r e a s i n g  t h e  range below a micro-g 

means t h e  need f o r  even smaller f o r c e s .  

P o s s i b l e  sou rces  of such l o w  f o r c e  a re  examined i n  

t h i s  Chapter  and t h e  a p p l i c a b i l i t y  t o  LLAMA, i f  any ,  i s  

d i s c u s s e d .  

->>.Z I d e a l  Low Level  Force 

The i d e a l  f o r c e  f o r  LLAMA i s  t h e  one t h a t  

( a )  h a s  adequate  r ange ,  10-3 - dynes 

(b )  i s  s imple  t o  gene ra t e  

( c )  i s  s imple  t o  c o n t r o l  - -  p r e f e r a b l y  wi th  non- 

m e  chan i ca 1 mean s 

( d )  i t s  magnitude i s  r e a d i i y  measurable ,  s i n c e  
' t  

below l o - . '  dynes,  no s u i t a b l e  means e x i s t  for 
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ca 1 i b r a  t i on 

( e )  i s  compatible  wi th  t h e  LLAMA system. 

I t  i s  d e s i r a b l e  t o  have t h e  range ex tend  up t o  

dynes  and above s o  t h a t  t h e  method of measurement of t h e  

f o r c e  can be checked a g a i n s t  a v a i l a b l e  methods. 

3.3 B e a m  Forces  

Forces t h a t  involve  t h e  change of  momentum of p a r t i c l e s  

are termed, h e r e ,  beam f o r c e s .  S ince  t h e  aim i s  f o r  low - 
l e v e l  f o r c e s ,  p a r t i c l e s  of s m a l l  mzss are considered, begin-  

n ing  w i t h  t h e  ' 3 ~ e r ~ ' l  mass photon.  

3.3.1 P h ~ t n r !  Ferce 

Light  has  been assumed t o  e x e r t  p r e s s u r e  e v e r  s i n c e  
4 

Kepler  (1619). Lehedev and H u ~ ?  (1303) managed t o  s e p a r a t e  

l i g h t  p r e s s u r e  from thermal effects o r  --J'- ~ c i u ~ u r n e i e r  e f f e c t  

by conduct ing t h e i r  experiments  a t  very l o w  a tmospher ic  
3 p r e s s u r e .  

The co rpuscu la r  t heo ry  of l i g h t  p r e s s u r e  i s  p r e s e n t e d  

i n  Appendix A .  The theo ry  i n d i c a t e s  t h e  f o r c e  F of l i g h t  

o r ,  b e t t e r ,  e l e c t r o m a g n e t i c  r a d i a t i o n  t o  be 
Ph 



(';. 3 . 1 - 1 )  

- -1- - - - 
W l i e ~ t :  

F = f o r c e  e x e r t e d  by beam of l i g h t  i n  dynes 

E = power i n  i n c i d e n t  beam i n  w a t t s  

c 

r = r e f l e c t i v i t y  of su r face  on which the  beam i s  

Ph 

= v e l o c i t y  of l i g h t  = 3 x l o l o  cm/sec 

i n c i d e n t  

0 = t h e  a n g l e  of inc idence  of beam on t h e  s u r f a c e  

A = a r e a  of s u r f a c e  i n  cm 2 

The magnitude of t h i s  f o r c e  i s  0.66 x l o e 3  dynes i f  

t h e  energy  i n  t h e  beam i s  1 watt  f a l l i n g  norn . i l ly  on a p e r -  

f e c t l y  r e f l e c t i n g  s u r f a c e .  

The f o r c e  e x e r t e d  by l i g h t  o r  e l e c t r o m a g n e t i c  r a d i a -  

t i o n  w i l l  be r e f e r r e d  t o ,  from h e r e  o n ,  a s  photon f o r c e .  

The photon f o r c e  can be e s t ima ted  accord ing  t o  e q u a t i o n  

(3 .3 .1-1)  by measuring t h e  power i n  t h e  beam, p l u s  a know- 

l edge  of t h e  r e f l e c t i v i t y  of t h e  s u r f a c e  f o r  t h e  wavelength 

of the  r a d i a t i o n ,  t h e  a r e a  of t he  s u r f a c e  and t h e  ang le  of 

i n c i d e n c e .  n o t h e r  words,  an  e s t i m a t e  of t h e  f o r c e  can 

be mzde e x t e r n a l l y  wi thout  the need f o r  c a l i b r a t i o n .  
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For LLAMA a p p l i c a t i o n ,  t h e  a v a i l a b l e  s u r f a c e  a r e a  

can be inc reased  by a t t a c h i n g  an  a luminized  d iTc  t o  e i t h e r  

end of t h e  magnet. Because of t h e  f l o a t  heiglLt, t h e  l i m i t  

on the s i z e  of t h e  disc i n  t h e  p r e s e n t  s e t  up i s  about  1 

s q .  cm. I n  o rde r  t o  e x e r t  dynes ,  a beam power den- 

s i t y  of 1.:) watts/cm2 i s  needed.  T o  g e n e r a t e  t h i s  power 

dens i ty  may be p r a c t i c a l  bu t  t o  go much h ighe r  i s  n o t  

p o s s i b l e  wi th  p r e s e n t  sou rces .  

The mcrir. requlrement f o r  t h e  a p p i i c a t i o n  of a photon 
-5 

f o r c e  i s  a h i g h  vacuum environment below 10 t o r r  t o  

avoid  t h e r m a l  e f f e c t s  ( s e e  See.  3 . 3 . 3 ) .  

3 .3 .2  Photo-Elec t ron  F o r c e  

If a beam of l i g h t  o r  photons  f a l l s ,  n o t  on a r e -  

f l e c t i n g  s u r f a c e  bu t  i n s t e a d  on a photoemissive sur face ,  

e l e c t r o n s  . g i l l  be e m i t t e d .  The number of e l e c t r o n s  i s  

p r o p o r t i o n a l  t o  t h e  number of photons  f a l l i n g  on t h e  

s u r f a c e .  However, t h e  energy  of  each  emi t t ed  e l e c t r o n  

depends on t h e  wavelength of t h e  photon and i s  g iven  

accord ing  t o  t h e  E i n s t e i n  Law 



. .h,.YA 
\ V I  I C  L L 

e = t h e  charge of an e l e c t r o n  

Q 
i l  = yianic's cons i a r i t  

c = v e l o c i t y  o f  l i g h t  

-1 work func t ion  of s u r f a c e  m a t e r i a l  
- 7  

= wavelength of photon 

V = energy of e l e c t r o n  i n  v o l t s  

eV = t o t a l  energy of  e l e c t r o n  i n  e l e c t r o n  v o l t s  

t h u s  

or 

where 

b u t  

2 m v  eV = - 1 
2 e e  

where 

m = mass of  e l e c t r o n  

v = v e l o c i t y  o f  e l e c t r o n  
e 

e 
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The momentum of an e l e c t r o n  i s  

and the momentum o f  a photon i s  

and the i n c r e a s e  i n  momentum due t o  e l e c t r o n  emiss ion  i s  

momentum of e m i t t e d  e l e c t r o n  5 = __- momentum of ( r e s p o n s i b l e )  i n c i d e n t  photon 

Fcr  zxaiiipl.2 w i t h  a material  such as an  S s u r f a c e  (Cesium- 

S i l v e r )  f o r  which  
1 

he= 1.2 ~ and us ing  a w source  w i t 1 1  ),= 

-3'; ? h = 5 . 6  x 10 j ou le  s - sec- 

8 c = 3 x 10 m/sec 

-9 e = 1 . 6  x 1 0  COI  lomb 

and assuming photon and e l e c t r o n  

3 G O O  

motion normal t o  s u r f a c e ,  
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T h e r e f o r e ,  i n  t h i s  c a s e ,  t h e  e f f e c t i v e  momenrml '?f eac!!  

photon i s  601 times g r e a t e r  than i f  t h e  photon were i n -  

c i d e n t  on a completely a b s o r b i n g  s u r f a c e .  I f  t h e  momentum 

of p T J P _ r y  =hctcn i s  i n c r e a s e d  like t h i s ,  2 gr-at?y ii;creasi=d 

f o r c e  r e s u l t s .  Unfo r tuna te ly ,  n o t  eve ry  photon causes  an 

e l e c t r o n  t o  be e m i t t e d .  The number of e l e c t r o n s  emitted 

p e r  i n c i d e n t  photon i s  Q ,  t h e  quantum s f i - i c i ency  f o r  t h e  

s u r f a c e  a t  t h e  wavelength o f  t h e  r a d i a t i o n .  

s u r f a c e  a t  

S4 s u r f a c e ,  Q = 16 a t  b = .45 I L .  ( A, f o r  t h i s  s u r f a c e  

is.6 w . )  

For t h e  Sl 

= .4 P ,  Q i s  1 . 5 % .  For an antimony-cesium 

I n  o r d e r  t o  measure t h e  fo rce  a c t i n g  on t h e  s u r f a c e ,  

t h e  e m i t t e d  e l e c t r o n s  are  c o l l e c t e d  by a p o s i t i v e  p l a t e  

c loseby  s o  t h a t  t h e  c u r r e n t  i n  t h e  p l a t e  c i r c u i t  i s  propor-  

t i o n a l  t o  t h e  number of e l e c t r o n s  r e c e i v e d ,  which i s  i n  

t u r n ,  p r o p o r t i o n a l  t o  t h a t  p a r t  of t h e  f o r c e  c o n t r i b u t e d  

by t h e  photo-emission of t h e  e l e c t r o n s .  

The t o t a l  f o r c e  i s  g iven  by 

- 
F t o t n l  - Fph ' qnph 

where 

F = photon f o r c e  on a p e r f e c t l y  abso rb ing  
Ph 

s u r f a c e  
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= number of photons i n c i d e n t  on s u r f a c e  - -  
( p r o p o r t i o n a l  t o  t h e  power i n  t h e  beam) 

*Ph 

i: ~5 >> 1 

bu t  Qn = t h e  number of e l e c t r o n s  c o l l e c t e d  by the p l a t e  

- "e 

Ph 
- 

*e 5 - - 
F t o t a l  

i s  a c o n s t a n t i f  t h e  wavelength of t h e  i n c i d e n t  

photons remains c o n s t a n t .  

SO t ha t  Ly ~ l ~ i i p l y  ~ i i ~ ~ S ~ ~ i i ~ ~  Che c u r r e n t  i n  t h e  plate 

c i r c u i t ,  t h e  f o r c e  on t h e  s u r f a c e  can be determined.  

The assumptions i n  E q .  (3.3-3-1) are  t h a t  

( a )  t h e  quantum e f f i c i e n c y  of t h e  photo-emissive s u r -  

f a c e  remains c o n s t a n t  

( b )  t h e  d i r e c t i o n  of t h e  photons and e m i t t e d  e l e c t r o n s  

i s  normal t e  t h e  s u r f a c e  o r  close t o  normal 

( c )  a l l  t h e  e l e c t r o n s  a r e  c o l l e c t e d  by t h e  p l a t e  

( d )  t h e  photo-emissive s u r f a c e  never  becomes more 

posi Live than  t h e  c o l l e c t o r  p l a t e .  

As e l e c t r o n s  a r e  e m i t t e d ,  t h e  photo emis s ive  s u r f a c e  be- 

comes p o s i L i . v c > l y  charged.  T h e  charge i n  t ime could exceed 
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- .  t h s t  cr, t h e  c e l l e c t o r  p l a t e  ar?d n ~ ?  g!oi;e e l e c f r o n s  b j ~ c i ~  

bc c o l l e c t e d  - -  hence t h e  need  f o r  f l u s h i n g  t h e  photo  

emis s ive  s u r f a c e  wi th  e l e c t r o n s  eve ry  so o f t e n .  

6 3.3.3 Radiometer ~~r~~ 

Another method of e x e r t i n g  a f o r c e  u s i n g  i l i g h t  beam 

i s  t h e  rad iometer  e f f e c t  which i s  a s s o c i a t e d  wi th  Crookes.  

B a s i c a l l y ,  t h e  f o r c e  i s  exer ted  as fo l lows :  

i s  i n c i d e n t  on a b l a c k  s u r f a c e  enc losed  i n  a g iven  low 

p-ressure gaseous b u l b ,  t h e  l i g h t  energy i s  absorbed and 

t h e  tempera ture  of  t h e  s u r f a c e  r i ses .  Gas molecules  t h a t  

now h i t  t h e  s u r f a c e  bounce away w i t h  an i n c r e a s e  i n  v e l o -  

c i t y  and hence i n  momentum. T h i s  change i n  momentum i s  

r e s p o n s i b l e  f o r  t h e  f o r c e  on t h e  s u r f a c e  i n  t h e  g e n e r a l  

d i r e c t i o n  of t h e  beam - -  i f  the o t h e r  s i d e  of  t h e  s u r f a c e  

i s  rrade r e f l e c t i v e  t h e  f o r c e  i s  enhanced. 

If t h e  l i g h t  

Although t h e  r e s u l t i n g  fo rce  i s  much l a r g e r  by  s t .vera l  

o r d e r s  o f  magnitude than t h e  fo rce  gene ra t ed  by  t h e  phcjtons 

a l o n e ,  t h e  magnitude and d i r e c t i o n  of t h e  f o r c e  i s  d i f f i -  

c u l t  t o  p r e d i c t  a c c u r a t e l y .  

Another d i sadvantage  is  t h d t  there i s  a t i m e  c o n s t a n t  

t h a t  c o u l d  be of  t h e  o rde r  of seconds a s s o c i a t e d  wi th  t h i s  

niethoki which makes i t  undesirLblc .  
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3 . 3 . 4  E lec t ron  Force 

Instead of a beam of p h o t m s ,  a beam of e l e c t r o n s  

impinging on t h e  s u r f a c e  may be cons ide red .  

o f  an  'ncident e l e c t r o n  i s  determined a s  f o l l o w s :  

The momentum 

The v e l o c i t y  of an e l e c t r o n  i s  g iven  by t h e  equa t ion  

2 r n v  e V  = - 1 
2 

where 

(3.3.4-1) 

e 

v - acze?e ra t lng  v o l t a g e  i n  v o l t s  

= e l e c t r o n  charge  (1.6 x lo-'' coulombs) 

T T  - 

- 30 
m = m a s s  of an e l e c t r o n  ( i o  Kg) e 

v = v e l o c i t y  of  e l e c t r o n  i n  metersjsec. e 

from (3.3.4-1) i s  ob ta ined  

The change i n  momentum of an e l e c t r o n  a f t e r  i t  i s  

stopped by t h e  s u r f a c e  i s  mv and t h e  f o r c e  gene ra t ed  by a 

normally impinging e l e c t r o n  i s  g iven  by f e  where 
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For  n e l e c t r o n s  pe r  s e c  the  f o r c e  i s  F where e 

bu t  n = - I where I i s  t h e  c u r r e n t  i n  t h e  e l e c t r o n  beam. e 

The re fo re  i t  can be shown t h a t  

o r  

Fe = 3.5 x 10-6 I F N e w t o n s  

o r  

F~ = 0.35 I dynes 

(Assuming e l e c t r o n s  f a l l  normally on t h e  s u r f a c e .  ) 

For a f o r c e  Fe of dynes  ::enerated by u s i n g  

V = 1+00 v o l t s  r e q u i r e s  a cu r ren t  of I of O . l ; +  mA and a 

power of c.6 mlJ. These requirements  a r e  indeed f e a s i b l e  and 

can be ach i :ved  wi th  a s i m p l e  e l e c t r o n  gun. The beam c u r -  

r e n t ,  which i s  p r o p o r t i o n a l  t o  t he  f o r c e ,  i f  V remains con- 

s t a n t ,  can be e a s i l y  modulated by a v o l t a g e  a p p l i e d  t o  t h e  

f i r s t  g r i d  of t h e  gun. 
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T h i s  method of g e n e r a t i n g  a iow l e v e l  f o r c e  is s imple ,  

e f f i c i e n t  and t h e  f o r c e  i s  e a s i l y  c o n t r o l l a b l e .  The mag- 

n i t u d e  o f  t h e  f o r c e  i s  n o t  l i m i t e d  t o  t h e  m i l l -  dyne range 

and can be inc reased  by a t  l e a s t  two o r d e r s  of magni tude.  

The a d a p t a b i l i t y  of t h i s  method f o r  t h e  a p p l i c a t i o n  

i n  hand i s  no t  t o o  s t r a i g h t f o r w a r d ,  a s  a means has  t o  be 

provided f o r  removing t h e  i n c i d e n t  e l e c t r o n s  from t h e  s u r -  

f a c e .  Otherwise t h e  s u r f a c e  w i l l  be charged up n e g a t i v e l y ,  

and a space charge will be b u i l t  up around t h e  s u r f a c e .  

The e l e c t r o n s  will cease  t o  s t r i k e  t h e  s u r f a c e  and w i l l  

be d e f l e c t e d  ?way .  D e f l e c t i n g  t h e  e l e c t r o n s  s t i l l  con- 

s t i t u t e s  a change of momentum i n  t h e  d i r e c t i o n  o f  t h e  beam. 

- i f  - t h j ~  - - - - - d e f l e c t i o n  i s  rriaincained a t  n i n e t y  degrees f r x ,  

t h e  beam d i r e c t i o n ,  t h e  r e s u l t i n g  f o r c e  on t h e  s u r f a c e  i s  

cne same a s  if t h e  e i e c t r o n s  were coiiipletely absorbed b:; 

the  sur face .  

Since i n  t h e  LLAMA a p p l i c a t i o n  t h e r e  i s  no c o n t a c t  

wi th  the f l o a t ,  removing t h e  e l e c t r o n s  from t h e  s u r f a c e  

coiild be done by f l u s h i n g  t h e  s u r f a c e  wi th  a l o w  v e l o c i t y  

p o s i t i v e  idm plasma. 
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7 
3.3.5 Atomic o r  Molecular Beam Force 

S t i l i  h e a v i e r  p a r t i c l e s  can be used ,  a s  i n  an  a tomic  

o r  molecular  beam. For t h e  case o f  L W ,  a molecular  

bcc?m SE Y e l i l ~ m  mioh+ 0" - be cons idered .  The nilmber nf H P  

molecules  pe r  second r e q u i r e d  t o  g e n e r a t e  a f o r c e  of  l o - ' '  
dynes i s  g iven  by 

F H e  H e  x v  - 
- "He %e 

o r  

- - FHf2 
x v  %e "He 

where 

= f o r c e  genera ted  by molecular  beam of  F H e  
helium 

%e = nurnber of helium molecules  p e r  second 

m = mass of hel ium mclecule H e  

H e  = v e l o c i t y  of beam V 

so t h a t  f o r  FHe = lo-' dynes and vHe assumed t o  be t h e  

v e l o c i t y  of  sound i n  helium about 300 m/sec. ,  nHe i s  

1 o I 6  molecules  / se c . 
Although LWMA can provide  t h e  h igh  vacuum r e q u i r e d ,  

the d i f f i c u i t y  i n  c o n t r o l l i n g  and  measuring the n-uiber of 

molecules  i n  t h e  beam makes t h e  method no t  t o o  s u i t a b l e .  
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3 . 4  F i e l d  Forces  -___-.- 

Forces  t h a t  can be e x e r t e d  by magnet ic ,  e l e c t r o s t a t i c  

and g r a v i t a t i o n a l  f i e l d s  a r e  examined i n  t h e  fo l lowing  

s e c t i o n s .  

3 . 4 . 1  Magnetic Force 

In a i r ,  a magnet ic  f o r c e  can be e x e r t e d  on t h e  magnet 

a long  t h e  s e n s i t i v e  a x i s  by p l a c i n g  a c o i l  on e i t h e r  s i d e  

a s  shown i n  F igu re  3 .4-1 .  

sma l l  d i s t a n c e  Ax from t h e  midpoint  between t h e  c o i l s ,  t h e  

I f  t h e  magnet i s  d i s p l a c e d ,  a 

r -. 

where 

11, I, = c u r r e n t s  i n  c o i l s  i and 2 

n = number of t u r n s  i n  each  c o i l  
L 

k = c o n s t a n t  - -  depends on p e r m e a b i l i t y  cc0 
and t h e  p o l e  s t r e n g t h  of t h e  magnet 

a = mean r a d i u s  of c o i l  

2b 

2i? = l e n g t h  of magnet 

= a x i a l  s e p a r a t i o n  of c o i l s  

The f o r c e  equa t ion  can be s i m p l i f i e d  by n e g l e c t i n g  

second o r d e r  e f f e c t s  (Ax)' and i f  Il = I + A I  and I2 = I-AI, 
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t h e  fo l lowing  equa t ion  i s  obtained 

F = klnIAx + k2nAI 

where k;, k, a r e  c o n s t a n t s  depending on b ,  , a and k .  

The magnitude of t h e  f o r c e ,  by a s u i t a b l e  choice  of 

L 

paramete r s ,  can have a wide  range from less than micro  

dynes up t o  grams o r  more. 

I n  LLAMA, t h e  presence  of  the  superconductor  modi f ies  

t he  f i e l d  i n s i d e  t h e  t u b e ,  bu t  t he  g e n e r a l  behavior  of t h e  

f o r c e  i s  r e t a i n e d .  

Due t o  t h e  complex f i e l d  in s ide  t h e  t u b e ,  only an e s t i -  

mate of t h e  f o r c e  can be made e x t e r n a l l y  so t h a t  some form 

of c a l i b r a t i o n  i s  needed. 

The f o r c e  can be e a s i l y  con t ro l l ed  by simply va ry ing  

t h e  c u r r e n t  i n  t h e  c o i l s .  

1.4.2 E l e c t r o s t a t i c  Force 

The e l e c t r o s t a t i c  f o r c e  of a t t r a c t i o n  F between two 

charged p l a t e s  i s  

-6 V2 2 F = 0.442 x 10 dynes /cm 
d' 
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where 

V = v o l t a g e  a c r o s s  p l a t e s  i n  v o i t s  

d = s e p a r a t i o n  of p l a t e s  i n  c m  

The e l e c t r i c  vacuum gyroscope u t i l i z e s  t h i s  f o r c e  f o r  t h e  

support  of t h e  r o t o r .  

I n  t h i s  case, a p o s s i b l e  method f o r  e x e r t i n g  a f o r c e  

on the magnet i s  shown i n  F igu re  3 .4 .2 -1 .  

A conduct ing  p l a t e ,  a t t ached  t o  each  end of  t h e  mag- 

n e t ,  i s  p o l a r i z e d  by t h e  presence  of t h e  two charged p l a t e s  

c l o s e  t o  i t .  A t t r a c t i o n  t a k e s  p l a c e  between t h e  magnet and 

t h e  p l a t e s  on one s i d e  which can be ba lanced  by a s i m i l a r  

f o r c e  on t h e  o t h e r  s ide.  

1. r r  A n e t  f o r c e  car! be exer ted by va ry ing  the  uiI ierer ice  

i n  the two v o l t a g e s .  Because t h e  f o r c e  l e v e l  r e q u i r e d  i s  

s m a l l ,  of t h e  n r d e r  of dynes ,  t h e  s t a n d i n g  v o l t a g e  

needed can be about  100 v o l t s  and t h e  s e p a r a t i o n  around 

F o r  LLAMA a p p l i c a t i o n  where t h e r e  i s  a f l o a t  h e i g h t  

l i m i t a t i o n ,  t h e  s i z e  o f  t h e  p l a t e s  must be small .  Also  

s i n c e  t h e  magnet has  t o  be o u t s i d e  t h e  tube  du r ing  c o o l i n g ,  

p u t t i n g  t h e  magnet back between t h e  two se t s  of p l a t e s  a f t e r  

cool ing  has  taken  p l a c e ,  i s  a problem. 
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3.4.3 GrLlvitatLsnal - r""rce 

The g r a v i t a t i o n a l  f i e l d  of a body of  known mass may 

be used t o  e x e r t  a f o r c e  on t h e  magnet. 

given by 

This  f o r c e  FG i s  

dynes p e r  gram ( o f  magnet) - GM 
3 FG - 

r 

where 
-8 cm' G = g r a v i t a t i o n a l  c o n s t a n t  = 6 . 7  x 10 2 s e c  gm 

PI = mass of body ( i n  grams) 

r = d i s t a n c e  of  bodyfrommagnet (cm) 

F a c t s  a long t h e  l i n e  j o t n i n g  t h e  body t o  t h e  magnet, 
' G  

- -  To c ~ , n o r s t ~  10 d y z e s  a t  a c l_ is+~zf ic~  ~f r - In(! c ~ ,  o-------- 

8 a mass of  1 . ~  x 10 gms o r  l ' r 7  t ons  would be needed ,  assum- 

i n g  M i s  concen t r a t ed  a t  one p o i n t .  
r 

However, t o  gene ra t e  lo-- dynes a t  t h e  same d i s t a n c e  

only r e q u i r e s  1. 17 t o n s .  

In o r d e r  t o  vary  t h e  f o r c e ,  e i t h e r  t h e  mass of t h e  

body is  changed or  t he  s e p a r a t i o n ,  or  b o t h .  T h i s  has  t o  

be doi ie  c a r e f u l l y  s o  a s  n o t  t o  cause any v i b r a t i o n  a t  

t h e  tuspens i3n .  Swinging t h e  mass a long  t h e  s e n s i t i v e  

a x i s  g e n e r a t e s  an a l t e r n a t i n g  f J r c e  and has  t h e  advantage 

t h a t  i t s  e f f e c t  can be e x t r a c t e d  i n  t h e  presence  of  noise 

and in t -e r fe rence  by s u i t a b l e  f i l t e r i n g .  



The use of t h e  e a r t h ' s  g r a v i t a t i o n a l  f i e l d  i s  d i s -  

cussed i n  S e c t i o n s  3 .5 .1  and 3.5.3. 

3.5 Other  Methods 

Forces  e x e r t e d  by the  use  of t h e  e a r t h ' s  g r a v i t a -  

t i o n a l  f i e l d  on t h e  e a r t h  and i n  space a r e  d i scussed  i n  

t h e  fo l lowing  s e c t i o n s  a s  w e l l  as t h e  use  of t h e  c e n t r i -  

f u g a l  f o r c e .  

3.5.1 Table  T i l t  

Methods such a s  t a b l e  t i l t i n g  which use  a component 

of t he  e a r t h ' s  g r a v i t a t i o n a l  f i e l d  may be f e a s i b l e  f o r  

g e n e r a t i n g  a c c u r a t e  f o r c e s .  I n  t h e  case  of LLAMA, a f o r c e  

of loe3  dynes corresponds t o  a t a b l e  t i l t  of 0.2 s e c s .  of 

a r c ,  s i n c e  t h e  magnet has  a mass of one gram. Th i s  smal l  

ang le  can be b e t t e r  apprec i a t ed  i f  looked a t  a s  t h e  ang le  

a r i g i d  r o d  1 m i l e  long would d e f l e c t  i f  one end i s  hinged 

i n  a h o r i z o n t a l  p o s i t i o n  and t h e  o t h e r  end depressed  by 

1 inch .  

To exe r t  dynes,  a t i l t  of 0.0002 seconds of a r c  

would be needed. The problem of g e n e r a t i n g  and measuring 

a t ilt  ang le  of t h i s  magnitude is h i g h l y  involved .  A 



s t u d y  has been made i n t o  a p o s s i b l e  t i l t i n g  method by 

B l i t ch  and Keyes. 
8 

3.5.2 C e n t r i f u g a l  Force 

. (a )  On Ear th  

The c e n t r i f u g a l  f o r c e  m RW2 a c t s  r a d i a l l y  on a mass 

r o t a t i n g  w i t h  an angu la r  v e l o c i t y  W a t  a r a d i a l  d i s t a n c e  

R from t h e  a x i s  of r o t a t i o n .  Now t o  e x e r t  dynes 

f o r  the case  where m = 1 gm, R = 100 cm, and angular  

v e l o c i t y  n f  3.3 x 10  r a d / s e c .  i s  r e q u i r e d  o r  1.8 revoiue  

t i o n s  p e r  h o u r .  

1 7  hours i s  c a l l e d  f o r .  It  must be remembered t h a t  an 

eseect-ial requirement TO avoid  the g - e f f e c t  is  that the 

t a b l e  must remain l e v e l  t o  a t  l e a s t  w i t h i n  .002 seconds of 

a r c  f o r  t h e  case  of 10-3 dynes and . O O G O G ~  seconds of a r c  

f o r  iu dynes.  

- 3  

For a f o r c e  of l o e 6  dynes,  a pe r iod  of 

, -6 

C l e a r l y ,  t h e  presence  of t he  e a r t h ' s  f i e l d  makes t h i s  

method u n s u i t a b l e .  

( b )  On a S a t e l l i t e  

On a s a t e l l i t e  i n  a f r e e  f a l l  o r b i t ,  t h e  c e n t r i f u g a l  

f o r c e  method could be made f e a s i b l e  by simply sp inning  t h e  

s a t e l l i t e  a t  t h e  d e s i r e d  angu la r  v e l o c i t y .  



3.5.3 ---- G r a v i t x G r a d i e n t  Force 

Another method a p p l i c a b l e  i n  a s a t e l l i t e  environment 

i s  t h e  use  of t h e  g r a v i t y  g r a d i e n t .  I f  t h e  acce le romete r  

o r  t e s t  element i s  lowered on a boom so t h a t  i t  i s  no 

longe r  i n  a f r e e  f a l l  o r b i t ,  a n e t  f o r c e  w i l l  a c t  on i t .  

F o r  example, i f  the l e n g t h  of t h e  ~ ; O D ~ E  i s  100 f t .  ar(d t h e  

s a t e l l i t e  i s  i n  a nea r  e a r t h  o r b i t ,  a f o r c e  of 4 x 

dynes would be e x e r t e d .  

s t a n t i a l  amount needs a much longer boom. 

Inc reas ing  t h i s  f o r c e  by a sub- 
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CHAPTER 4 

RESTORING FORCE 

4 . 1  Magnetic v s .  Photon Force 

From t h e  v a r i o u s  soumamof l o w  l e v e l  f o r c e  p re -  

s en ted  i n  C h p t e r  3 ,  i t  i s  c l e a r  t h a t  t h e  magnet ic  f o r c e  

i s  by f a r  t h e  s imples t  t o  mechanize,  e a s y  t o  c o n t r o l ,  

g ives  adequate  range and i s  ve ry  compat ib le  wi th  t h e  

LLAMA system. The one d isadvantage  i s  t h a t  t h e  f o r c e  

needs c a l i b r a t i o n  owing t o  t h e  complex f i e l d  i n s i d e  t h e  

tube .  The photon f o r c e  on t h e  o t h e r  hand i s  capable  of 

exerting a f o r c e  t h a t  can be measured bu t  t h e r e  i s  a 

l i m i t  on i t s  magnitude. A l s o ,  t h e  modulat ion of t h e  

force  becomes more complex as beam power d e n s i t y  i n -  

creases - -  see Chapter  8. 

For  a p rac t i ca l  sys tem,  magnet ic  c o i l s  w i l l  be used 

t o  provide t h e  r e s t o r i n g  f o r c e  and t h e  photon f o r c e  w i l l  

be u t i l i z e d  f o r  c a l i b r a t i o n .  

4 .2  Magnetic Res tor ing  Force 

A magnet ic  r e s t o r i n g  f o r c e  may be e x e r t e d  on t h e  magnet 

by p l ac ing  a c o i l  c o a x i a l  w i th  the superconduct ing  tube  on 
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e i t h e r  s i d e  of t h e  magnet,  s ee  Figure ,'+.ZA. 

The force due t o  s p - m e t r i c a l l y  p l aced  c o i l s  wher? t h e  

magnet i s  i n  t h e  c e n t e r  of t h e  tube i s  z e r o  and b u i l d s  up 

a s  e i t h e r  c o i l  i s  approached. On t h e  o t h e r  s i d e  of each 

cuil, L'-- ~ t :  force drops to ze ro  again .  

The sum of t h e  c o i l  f o r c e  and the  suspens ion  f o r c e ,  

F igu re  4 .2-1 ,  shows t h a t  f o r  a given common c u r r e n t ,  t h e  

e f f e c t i v e  f o r c e  i n  t h e  tube can be made p o s i t i v e  f o r  a 

smal l  r eg ion  around n u l l .  Outs ide t h i s  r e g i o n ,  t h e  f o r c e  

d e c r e a s e s  and e v e n t u a l l y  becomes n e g a t i v e .  Hence a l i m i t e d  

a x i a l l y  s t a b l e  r eg ion  r e s u l t s  around n u l l .  

The e f f e c t i v e  f o r c e  around n u l l  i s  d e s i r e d  t o  be a s  

smal l  a s  p o s s i b l e  so  t h a t  t h e  magnet i s  f r e e  t o  d i s p l a c e  

under t h e  a p p l i c a t i o n  of t h e  m i n u t e s t  a c c e l e r a t i o n .  

I n  c losed  loop o p e r a t i o n ,  as  t h e  magnet i s  d i s p l a c e d  

from n u l l ,  t h e  c u r r e n t  i n  t h e  c l o s e r  c o i l  i s  inc reased  and 

t h e  c u r r e n t  i n  the  f a r t h e r  c o i l  is  dec reased ,  an i n c r e a s e  

i n  t h e  e f f e c t i v e  s p r i n g  cons t an t  r e s u l t s  which d r i v e s  t h e  

magnet back towards n u l l .  

Because of t h e  superconductor '  t h e  f o r c e  due t o  t h e  

c o i l s  i s  modif ied a l though t h e  gene ra l  behavior  i s  r e t a i n e d .  

For a d i sp lacement  x, l e t  I + AX be t h e  c u r r e n t  i n  t h e  

c l o s e r  c o i l  and I - A I  be t h e  c u r r e n t  i n  t he  f a r t h e r  c o i l ,  

t h e  f o r c e  on t h e  magnet due t o  t h e  c o i l s  i s  given by 
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I s i n h  c x t A A I  cosh c x - I! - -  
2 2 

where 

p = c o n s t a n t  - -  depends on t h e  geometry of 
the  c o i l s  and the  nagnet  

and 

c a s  d e f i n e d  i n  Sec t ion  2 . 3  

I f  I i s  kep t  c o n s t a n t ,  A I  can be v a r i e d  a t  w i l l  a c -  

cord ing  t o  t h e  g a i n  i n  t h e  system, see Chapter  6 .  

That  p a r t  of t h e  magnet ic  f o r c e  due t o  I ,  i . e . ,  

I s i n h  c x i s  termed t h e  common mode f o r c e  because I 2 
J.2- A I  2 f l o w s  i n  both  c o i l s .  The f o r c e  due t o  A I ,  i . e . ,  

cosh c x i s  termed t h e  d i f f e r e n t i a l  mode f o r c e .  

The common mode f o r c e  i s  f r e e  from dynamics s i n c e  I 

remains c o n s t a n t .  However , t h e  d i f f e r e n t i a l  mode f o r c e  

i s  a s s o c i a t e d  wi th  a l a g  due t o  t h e  inductance  of  t he  

c o i l s .  

4 . 3  Phase-Plane T r a j e c t o r i e s  

The e q u a t i o n  of motion o f  t h e  magnet, n e g l e c t i n g  

damping, i s  
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.. 
m x +  I s i n h  c x + A I  cash x c - 
n s i n h  2 c x = 0 

L 6 

where 

A I  i s  a f u n c t i o n  of x ,  

The combined e f f e c t  of t h e  suspens ion  and magnet ic  

fo rces  i n s i d e  t h e  tube may then  be looked a t  as  a s o f t  

s p r i n g  w i th  t h e  s p r i n g  f o r c e  e v e n t u a l l y  going n e g a t i v e .  

9 
T h e  phase p lane  t r a j e c t o r i e s  f o r  t h e  s o f t  s p r i n g  a r e  

determined us ing  energy methods and t h e  g e n e r a l  behavior  

i s  showri i n  F igu re  4 .3 .1 .  

fjear n u l l ,  the c losed  CLiriies r e p r e s e n t  p e r i o d i c  

o s c i l l a t i o n s -  Away from null t he  cu rves  a r e  no longer 

Clz-szd and t h e  rnagnet is tlrrstahle. 

T l  
I I I F  e f fec t  of danping i s  t o  damp out the o s c i l l a t i o n  

once the magnet i s  i n s i d e  the c losed  curve r e g i o n .  
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CHAPTER 5 

DISPLACEMENT DETECTION 

5.1 General 

If LLAMA i s  sub jec t ed  t o  a l o w  l e v e l  a c c e l e r a t i o n  

( o r  g-component), t h e  t i m e  taken f o r  t h e  magnet t o  move 

an apprec iab le  d i s t a n c e  i s  long.  For example,  i f  t h e  a c -  

c e l e r a t i n n  i s  'LO " g :  the t h e  taken t o  move, say 1 mix, is 

about  1 4 0  scl,o:nds o r  0.45 s e c s  f o r  a d i sp lacement  of 1 

micron. When lower a c c e l e r a t i o n  l e v e l s  a r e  cons idered  

s a y ,  10 g, cile time tiike1-i t o  move I micron i s  1L seconds 

C l e a r l y ,  t h e r e f o r e ,  a very  s e n s i t i v e  dispAacement d e t e c -  

c i o n  is  c a l l e d  f o r  if ii reas~nahle bandwidth is desired. 

Anvther reason for keeping t he  displacement s m a l l  i s  t o  

avuid t h e  n o n l i n e a r i t i e s  ir, the suspe~sinn and i n  t h e  

d e t e c t o r .  

-6 

- 9  

5.2 I d e a l  Detec tor  

The i d e a l  d i sp lacement  d e t e c t o r  f o r  LLAMA i s  a 

device t h a t  

( a )  i s  capable  of s ens ing  d isp lacements  way below 1 

micron along t h e  s e n s i t i v e  a x i s  
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(b )  i s  i n s e n s i t i v e  t o  displacements  a long  o r ,  

r o t a t i o n s  about  o the r  axes  

( c )  i s  l i n e a r  

( d )  does n o t  e x e r t  any fo rces  on the  magnet 

( e>  i s  compatible  wi th  LLAMA s y s t e m .  

5 . 3  I n t e r f e r o m e t r i c  Method 

For  t h e  LLAMA displacement  d e t e c t o r ,  i t  i s  proposed 

t o  use an i n t e r f e r o m e t e r  i n  t h e  Twyman-Green c o n f i g u r a t i o n  

t h a t  u t i l i z e s ,  f o r  i t s  p r i n c i p a l  m i r r o r s ,  two p a r a l l e l  

f l a t  m i r r o r s  mounted on e i t h e r  end of t h e  magnet. T h i s  

way of mounting t h e  m i r r o r s  n o t  only doubles  t h e  s e n s i -  

t i v i t y  of t h e  normal i n t e r f e r o m e t e r  bu t  p rov ides  t h e  

p o s s i b i l i t y  of making t h e  instrument  i n s e n s i t i v e  t o  motion 

a long  o r  about  o t h e r  axes .  

A p o s s i b l e  scheme t h a t  is being p r e s e n t l y  i n v e s t i -  

g a t e d ,  s e e  Ref. 10 , i s  shown i n  F igu re  5.3-1. One r e v e r -  

s i o n  pr ism makes t h e  ins t rument  i n s e n s i t i v e  t o  r o t a t i o n  

of t h e  magnet about t h e  v e r t i c a l  a x i s  and t h e  o t h e r  p r i s m  

f o r  r o t a t i o n  about  t h e  h o r i z o n t a l  a x i s  normal t o  t h e  

tube .  Rota t ion  about t h e  p o l a r  a x i s  assuming f l a t  pa ra -  

l l e l  m i r r o r  does n o t  c o n s t i t u t e  an e r r o r .  
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I f  t h e  l i g h t  from t h e  source  i s  h i g h l y  monochromatic, 

c o h e r e n t ,  and p a r a x i a l ,  such as t h a t  from a g a s  l a s e r ,  t h e  

s e p a r a t i o n  between f r i n g e s  becomes l a r g e  so  t h a t  t h e  o u t -  

piut of the i n t e r f e r o m e t e r  i s  a uniform f i e l d  whose i n t e n -  

s i t y  i s  modulated by t h e  ax ia l  motion of the magnet. 

5.4 Spot  Masking M~ethod 

In t h e  absence of an i n t e r f e r o m e t e r ,  a n o t h e r  less  

s e n s i t i v e  method f o r  displacement  d e t e c t i o n  w a s  dev i sed  

so as  t o  c a r r y  o u t  p re l imina ry  i n v e s t i g a t i o n s  i n t o  t h e  

suspens ion ,  t h e  e f f ec t  of t h e  c o i l s  and t h e  c l o s e d  loop 

behavior .  

5.4.1 Basic Conf igu ra t ion  

The b a s i c  c o n f i g u r a t i o n  of t h e  system i s  shown i n  
! I  Figure  5 . 4  . l - l . T h e  l i g h t  from a po in t "  source  i s  brought 

t o  a f o c u s  a t  a p o i n t  c l o s e  t o  the a x i s  of  and about h a l f -  

way i n s i d e  t h e  super-conduct ing tube v i a  m i r r o r s  and a 

double  convex l e n s .  I n  t h e  absence of any o b s t r u c t i o n  

of t h e  s p o t ,  t h e  beam r e t u r n s  again v i a  m i r r o r s  and a 

50-50 beam s p i i t t e r  t o  a l e n s  which b r i n g s  i t  t o  a f o c u s  

u L L  nv. a phc tc  sens i t i ve  d e t e c t o r .  If t h e r e  i s  any o b s t r u c -  

t i o n  of t h e  s p o t ,  t h e  ou tpu t  of t h e  d e t e c t o r  i s  decreased .  
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The s p o t  p o s i t i o n  i s  chosen s o  t h a t  one end of t h e  magnet 

when a t  n u i i ,  masks ha i f  t h e  s p o t  so L - L - L  L I ~ ~ L  motion to the 

l e f t  would be i n d i c a t e d  by a dec rease  i n  o u t p u t  s i g n a l  

and s i m i l a r l y ,  motion t o  t h e  r i g h t  would be i n d i c a t e d  by 

an  i n c r e a s e  i n  t h e  ou tpu t  of the d e t e c t o r .  

I n  o r d e r  t o  make the range of  t h e  d e t e c t o r  as nar raw 

a s  p o s s i b l e ,  t h e  s p o t  s i z e  must be a s  small  a s  p o s s i b l e ,  

hence t h e  need f o r  a p o i n t  source.  Also, a s h a r p  edge 

a t t a c h e d  t o  t h e  end of t h e  magnet improves t h e  l i n e a r i t y  

of t h e  d e t e c t o r .  A f i e l d  s t o p  a t  t h e  d e t e c t o r  h e l p s  t o  

e n s u r e  t h a t  on ly  t h e  r e t u r n i n g  beam i s  p e r m i t t e d  t o  go 

through t o  t h e  d e t e c t o r .  

The p o s i t i o n  of t h e  r e f l e c t i n g  p r i sms  mounted i n s i d e  

t h e  t u b e  i s  a d j u s t e d  s o  t h a t  the beam i s  normal t o  t h e  a x i s  

of t h e  tube  when going from t h e  lower pr i sm t o  t h e  upper so  

a s  t o  minimize t h e  range of t h e  d e t e c t o r .  

A photograph of  t h e  dewar and t h e  d isp lacement  d e t e c t o r  

i s  shown i n  F i g u r e  5 .4 .1-2 .  

5 . 4 . 2  Design Detai ls  

The l i g h t  sou rce  w a s  a 2W Zirchonium a r c  lamp wi th  a 

sou rce  d i ame te r  of 0.085 mm. The s p o t  d i ame te r  was about  

0.40 mm. The photo  d e t e c t o r  used was a Cadmium s u l -  

ph ide  photo  r e s i s t o r  and t h e  v a r i a t i o n  of r e s i s t a n c e  w i t h  

d isp lacement  i s  shown i n  F igure  5.4.2-2. This  curve  shows 
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t h a t  t h e  r e s i s t a n c e  changes much more r a p i d l y  a t  l o w  

i l l u m i n a t i o n s  than  a t  h igh  ones - -  a p r o p e r t y  t h a t  proves 

advantageous as w i l l  be shown l a t e r .  

The photo r e s i s t a n c e  i s  inco rpora t ed  in a s i m p l e  

b r i d g e  network shown i n  F i g u r e  5.4.2-2, s o  t h a t  t h e  ou t -  

pu t  of t h e  c i r cu i t i s  z e r o  when t h e  magnet i s  a t  null and 

i s  p o s i t i v e  o r  n e g a t i v e ;  d.c.  vo l tage  when t h e  magnet 

moves away from n u l l .  The output  v o l t a g e  Vo i s  g iven  by 

" 0  
E q .  (5.4.2-1) i n d i c a t e s  t h a t  if R i s  v a r i e d  l i n e a r l y ,  

would change more r a p i d l y  when Rx w a s  d e c r e a s i n g  than  

when i n c r e a s i n g .  The n o n l i n e a r  v a r i a t i o n  i n  r e s i s t a n c e  

shownin F igu re  5.4.2-2 comes t o  t h e  r e s c u e  and t h e  r e s u l t -  

i n g  o u t p u t  curve  i s  shown i n  Figure 5.4.2-3. The ou tpu t  

curve  e x h i b i t s  a l i n e a r  range of about  1.1 mm. 

X 

T h e  d e t e c t o r  has  an inherent  t i m e  c o n s t a n t  which 

depends on t h e  l e v e l  of i l l u m i n a t i o n ,  t h e  h i g h e r  t h e  l e v e l  

t h e  smal le r  t h e  t i m e  c o n s t a n t .  In  t h i s  case,  t h e  t i m e  

c o n s t a n t  w a s  about  0.1 seconds.  T h e  o v e r a l l  d e t e c t i o n  

system may be then  r e p r e s e n t e d  by t h e  t r a n s f e r  f u n c t i o n  

Shown i n  F i g u r e  5 .4 .2 -4 .  A photo d iode  w i i i  be used i n  

f u t u r e  exper iments ,  s i n c e  i t  has a smaller t i m e  c o n s t a n t .  
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5.4.3 _LAmp Output V a r i a t i o n  

The u n d e s i r a b l e  e f f e c t  of  t h e  v a r i a t i o n  i n  lamp o u t -  

p u t  may be reduced somewhat by u s i n g  a n o t h e r  siuilar photo 

r e s i s t a n c e  i n  t h e  o t h e r  l e g  of t h e  b r i d g e ,  F igu re  5.4.3-1. 

Th i s  compensating d e t e c t o r  can be l o c a t e d  on t h e  o t h e r  s i d e  

of  t h e  beam s p l i t t e r  from t h e  o r i g i n a l  d e t e c t o r  s o  t h a t  i t  

r e c e i v e s  f l u x  from t h e  forward beam on ly .  The f l u x  i s  

a t t e n u a t e d  by a n e u t r a l  d e n s i t y  f i l t e r  s o  t h a t  t h e  va lue  of  

t h e  r e s i s t a n c e  of t h e  two photo r e s i s t o r s  i s  i d e n t i c a l  when 

the magnet i s  a t  n u l l .  

Without any  v a r i a t i o n  i n  i n t e n s i t y ,  t h e  ou tpu t  v o l -  

t age  Vo i s  g iven  by 

If  a change i n  i n t e n s i t y  causes  a change ARx i n  Rx and 

ARxo i n  Rxo, t h e  o u t p u t  v o l t a g e  i s  

z ( R ,  + n,) 

fit. cornpenaation i s  b e s t  when Rx = RxO, t h a t  i s  a t  

n u l l .  
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5.4.4 S e n s i t i v i t y  t o  Ro ta t ion  

The p r e s e n t  d e t e c t o r  i s  s e n s i t i v e  t o  r o t a t i o n  of t h e  

m g n e t  about  the v e r t i c a l  and t h e  t r a n s v e r s e  h o r i z o n t a l  a x e s .  

To make i t  i n s e n s i t i v e  t o  t h e s e  r o t a t i o n s ,  s p h e r i c a l  end 

p i eces  can be a t t a c h e d  t o  t h e  magnet a s  shown i n  F igu re  

5 .4 .4-1  w i t h  t h e  c e n t e r  of g r a v i t y  of t h e  magnet c o i n c i d i n g  

w i t h  the c e n t e r  of t h e  s p h e r e .  
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CHAPTER 6 

PRELIMINARY ACCELEROMETER ANALYSIS 

6 . 1  Block Diagram 

Using t h e  in fo rma t ion  developed i n  p r e c e d i n g  chap- 

t e rs  f o r  t h e  va r ious  components t h a t  make up t h e  a c c e l e r o -  

m e t e r ,  an o v e r a l l  b lock  diagram f o r  t h e  acce le romete r  i s  

presented  i n  F igu re  6.1-1.  

_ _  An i n p u t  a c c e l e r a t i o n ,  a ?  ac ts  on t h e  m a s s  of t h e  

magnet, m ,  t o  produce a f o r c e ,  m a .  Th i s  f o r c e  causes  t h e  

magnet t o  d i s p l a c e  from n u l l  which c a l l s  i n t o  p l a y  suspen- 

s F m  f ~ r c e s ,  and cc~mmn mode magnet ic  f o r c e  due t o  a con- 

s t a n t  s t and ing  c u r r e n t ,  I ,  The disp lacement  i s  sensed  by 

t h e  displacement  d e t e c t o r  which p u t s  o u t  an o u t p u t  v o l t a g e .  

A f t e r  a m p l i f i c a t i o n ,  t h i s  v o l t a g e  g e n e r a t e s  a d i f f e r e n t i a l  

mode magnetic f o r c e  due t o  a d i f f e r e n t i a l  c u r r e n t  A I ,  i n  

t h e  c o i l s .  Th i s  f o r c e  t ends  t o  d r i v e  t h e  magnet back t o  

n u l l .  

The suspension damping , common mode , and d i f f e r e n t i a l  

mode forces  are  a l l  summed a t  one j u n c t i o n  t o g e t h e r  w i t h  

m a  and a t i l t  component mge due t o  a t i l t  a n g l e  8 of 
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This model of t h e  acce le romete r  has  many n o n l i n e a r  

elements - -  i n c l u d i n g  t h e  f a c t  t h a t  t h e  d isp lacement  d e t e c -  

t o r  has a f i n i t e  range .  

6 .2  L inea r i zed  Model 

S ince ,  f o r  c l o s e d  loop behav io r ,  only s m a l l  d i s p l a c e -  

ments a r e  d e a l t  w i t h ,  t h e  accelerometer model may be l i n -  

e a r i z e d  a s  shown i n  F i g u r e  6.2-1. This can be s i m p l i f i e d  

f u r t h e r  by absorb ing  t h e  minor feedback loops as shown i n  

F igure  6.2-2, 

The open loop t r a n s f e r  f u n c t i o n  f o r  t h e  l i n e a r  modei. 

i s  

With t h e  absence of damping Kf and suspens ion  and 

common mode magnetic f o r c e s ,  t h e  t r a n s f e r  f u n c t i o n  would 

be t h a t  of a type-2 servo, which i s  i n h e r e n t l y  u n s t a b l e  

as shown i n  t h e  r o o t  l o c u s s k e t c h  i n  F i g u r e  6.2-3a. Inc lud -  

i n g  Kf and t h e  o t h e r  f o r c e s  n e g l e c t e d  above,  t h e  r o o t  locus 

diagram i s  modif ied t o  t h a t  i n  F i g u r e  6.Z-3b, which i s  

s t a b l e  o n l y  f o r  very l o w  g a i n .  C l e a r l y  t h e n ,  some form 

of compensation i s  needed. If a pure  l e a d  compensation 
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is L n c u r p u r a t e d ,  tlie r ~ ~ t  I ~ ~ i i s  JLdigr~rn LE Fig.cii-e 6.2-:<b 

i s  ~ n d i f i e d  by tLhe l e a d  network zero or1 t h e  n e g a t i v e  r e a l  

ax s t o  g i v e  a system t h a t  i s  s t a b l e  f o r  h i g h e r  gair. than 

p r e v i o u s l y ,  see Figure  6 . 2 - 4 .  The open loop t r a n s f e r  

function becomes 

ZL = l e a d  compensation t i m e  c o n s t a n t  

6 . 3  Steady S t a t e  Displacement Er ror  

The s t eady  s t a t e  displacement e r r o r  f o r  a s t e p  inpu t  

i s  g iven  by 
vm 

a 



s o  t h a t  x can be sma l l  f o r  a h igh  loop g a i n .  I f  t h e  s t e a d y  

s t a t e  e r r o r  i s  t o  be ze ro ,  a p o l e  ai i he  urigii-1 has t o  be 

added and t h i s  b r i n g s  ano the r  s t a b i l i t y  problem. 

6 .4  Measurement of A c c e l e r a t i o n  

The d i f f e r e n t i a l  c u r r e n t  i n  t h e  

t h e  app l i ed  a c c e l e r a t i o n .  

The o u t p u t  o f  t h e  acce le romete r  

i n g  t h i s  c u r r e n t  o r  less a c c u r a t e l y ,  

sutput of t h e  amplifier ir! t h e  Inops 

c o i l s  is  a measure of 

i s  ob ta ined  by measur- 

by measuring t h e  v o l t a g e  
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C H A R E R  7 

PERFORMANCE OF THE ACCELERCMETER 

7 . 1  Prel iminary Experiments 

Pre l iminary  exper iments  were performed i n  a g l a s s  

dewar' t o  determine t h e  f l o a t  h e i g h t ,  

methods f o r  magnet i n s e r t i o n  and s o  on. 

became a v a i l a b l e  when t h e  m e t a l  dewar w a s  o p e r a t i o n a l .  

t h e  tube  geometry,  

Quan t i t a tQve  d a t a  

7.2- Determina t ion  of t h e  E f f e c t i v e  Spr ing  Constant  

The e f f e c t i v e  s p r i n g  c o n s t a n t  was determined by 

measuring t h e  n a t u r a l  f requency  of o s c i l l a t i o n  of t h e  

magnet after i t  has beeii d l s p l a c e d  bj 3 f i n i t e  distance. 

Because of t h e  n o n l i n e a r i t y  of t h e  f o r c e s  i n s i d e  t h e  t u b e ,  

i t  was essential t o  keep t h e  ampl i tude  as sma l l  as pos- 

s i b l e .  

tude of 1 mm was ensured .  For a t r u e  e v a l u a t i o n ,  an 

ampli tude of less than 1 micron i s  d e s i r a b l e .  

By us ing  t h e  d isp lacement  d e t e c t o r ,  an ampli-  

The p o s i t i o n s  of t h e  c o i l s  were f i x e d  s o  t h a t  t h e  

c lose r  e n d  of  each c o i l  was about  2 cm from t h e  c e n t e r  

of the tube .  The c u r r e n t s  i n  t h e  c o i l s  were made equa l  

and the dewar was t i l t e d  u n t i l  t h e  magnet,  i n  i t s  rest 
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p o s i t i o n ,  a l i g n e d  i t s e l f  wi th  the  c e n t e r  of t h e  l i n e a r  

range of t h e  d e t e c t o r .  

The magnet was then  withdrawn t o  one end of  t h e  d i s -  

placement d e t e c t o r  range by means of a n o t h e r  magnet - o u t -  

s i d e  t h e  dewar. Th i s  e x t e r n a l  magnet was then  removed 

and t h e  r e s u l t i n g  o s c i l l a t i o n  o f  t h e  magnet i n s i d e  t h e  

dewar was r e c o r d e d ,  see Figure  7 . 2 - 1 .  

T h i s  procedure  w a s  repea ted  f o r  v a r i o u s  v a l u e s  of 

common mode c u r r e n t .  The magnet became u n s t a b l e  when t h e  

c u r r e n t  dropped below 11 mA, t h a t  i s  when t h e  magnitude 

of  t h e  c o i l  f o r c e  approached t h a t  of t h e  n e g a t i v e  s u s -  

pens ion  f o r c e .  

F i g u r e  7 .2-2  shows a p l o t  of t h e  e f f e c t i v e  s p r i n g  
2 c o n s t a n t  K ,  [mass of magnet x ( n a t u r a l  f requency)  ] 

a g a i n s t  t h e  commcn =ode c u r r e n t .  The curve  c l o s e l y  ap- 

proximates  a s t r a i g h t  l i n e ,  thus i n d i c a t i n g  t h a t  t h e  n e t  

f o r c e  on t h e  magnet i s  l i n e a r  i n s i d e  a 1 mm r e g i o n  around 

n u l l .  The curve  a l s o  shows t h a t  f o r  a c u r r e n t  of 10 m4 

t h e  s p r i n g  c o n s t a n t  would be zero .  The i n t e r c e p t  on t h e  

K a x i s  g i v e s  t h e  n e g a t i v e  suspension s p r i n g  c o n s t a n t ,  -15 

dynes/cm. a t  t h a t  d i sp lacement .  

The lowest  va lue  of spri-ng c o n s t a n t  ob ta ined  be fo re  

t h e  magnet became u n s t a b l e  w a s  2 dynes/cm. 

v i b r a t i o n  of t h e  sur roundings  probably d i c t a t e d  t h e  low- 

e s t  v a l u e  of s p r i n g  c o n s t a n t  t h a t  could  be measured. 

The g e n e r a l  
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F i g u r e  7 . 2 - 1  Open Loop Oscillation for  
a Given Common Cur ren t  
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7.3 Determinat ion of t h e  Damping Cons tan t  

Eddy c u r r e n t  damping informat ion  can be o,tained from 

t h e  recorded o s c i l l a t i o n s  such as t h a t  i n  F igu re  7 .2-1 .  

By measuring success ive  ampl i tudes  of  t h e  damped o s c i l l a -  

tFon and p l o t t i n g  log, (ampl i tude)  a g a i n s t  t i m e  f o r  d i f -  

f e r e n t  va lues  of  common mode c u r r e n t  a s  shown i n  F igu re  

7.3-1. The damping t i m e  c o n s t a n t  i s  found t o  be 3 seconds .  

7.4 Open Loop Response t o  Applied Acce le ra t ion  

With t h e  s e t u p  as  i n  Sec t ion  7 . 2  and wi th  t h e  common 

mode cu r ren t  around i t s  lowest  va lue  f o r  s t a b i l i t y ,  v a r i o u s  

known t i l t  a n g l e s  were a p p l i e d .  It w a s  observed t h a t  1 2  

seconds nf a r c  gave a detec tab le  chaIlge in the  nutput n f  

t h e  displacement  d e t e c t o r .  Th i s  a n g l e  of t i l t  cor responds  

t o  6 x g .  

7 .5  Closing t h e  Loop 

In o rde r  t o  c l o s e  t h e  loop around t h e  magnet ,  t h e  

ou tpu t  of t h e  d isp lacement  d e t e c t o r  w a s  f ed  i n t o  a v a r i -  

a b l e  ga in  o p e r a t i o n a l  a m p l i f i e r ,  see F igure  7.5-1. The 

a m p l i f i e r  ou tpu t  drove a d i f f e r e n t i a l  t r a n s i s t o r  s t a g e .  

The two c o i l s  were connected i n  series a c r o s s  the two 

c o l l e c t o r s  of t h e  t r a n s i s t o r s  and t h e  p o i n t  between t h e  

c o i l s  was connected t o  a v a r i a b l e  v o l t a g e  supp ly .  
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I n  t h e  open loop mode, t h e  i n p u t  t o  t h e  a m p l i f i e r  

was grounded by c l o s i n g  s w i t c h  S ana tne i n p u t  t o  tne 

d i f f e r e n t i a l  s t a g e  w a s  a l s o  zero.  The common mode c u r r e n t  

i n  t h e  two c o i l s  was a d j u s t e d  by means of t h e  a p p l i e d  v o l -  

t a g e  a t  t h e  c e n t r e  p o i n t  between t h e  c o i l s .  

1 

- 
I n  the c l o s e d  loop mode, switch S1 w a s  opened s o  t h a t  

a d i sp lacement  d e t e c t o r  ou tpu t  would cause  a d i f f e r e n t i a l  

c u r r e n t  i n  t h e  c o i l s .  

S t a r t i n g  wi th  t h e  same procedure as f o r  S e c t i o n  7 . 2 ,  

t h e  magnet was brought i n t o  t h e  l i n e a r  range  of t h e  d e t e c -  

t o r  and t h e  loop was c l o s e d .  

The ou tpu t  of t h e  displacement  d e t e c t o r  w a s  monitored 

on a r e c o r d e r .  The o u t p u t  c l e a r l y  b d i c a t e d  t h e  p re sence  

o f  a l i m i t  c y c l e  shown i n  Figure 7 . 5 - 2  due t o  t h e  l i m i t i n g  

p r o p e r t y  of  t h e  d e t e c t o r .  Turning - t h e  g a i n  down only  re-  

duced t h e  frequency of t h e  o s c i l l a t i o n .  

By app ly ing  a l e a d ,  capac i to r  C a c r o s s  R and ad -  

j u s t i n g  t h e  g a i n ,  t h e  o s c i l l a t i o n  began t o  damp o u t ,  see 

F i g u r e  7.5-3,  a s  w a s  p r e d i c t e d  i n  Chapter  6 .  However, be- 

f o r e  t h e  loop was s t a b i l i z e d  completely,  t h e  magnet w a s  

e x c i t e d  i n t o  ano the r  mode of  o s c i l l a t i o n  - -  about  a h o r i -  

z o n t a l  a x i s  normal t o  t h e  t u b e ,  a s  shown by t h e  sudden 

appearance of a h igh  frequency o s c i l l a t i o n ,  which w i l l  

be i n v e s t i g a t e d  i n  t h e  fol lowing s e c t i o n .  T h i s  mode of 

o s c i l l a t i o n  was e l i m i n a t e d  by t h e  a p p l i c a t i o n  of a low 

p a s s  f i l t e r  i n  t h e  feedback l o o p ,  C2 a c r o s s  R 

1 1’ 

and t h e  2 ’  
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loop  was f i n a l l y  s t a b i l i z e d .  The magnet was q u i t e  s ta-  
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s e n s i t i v e  a x i s  s i n c e  damping i s  no t  provided  f o r  t h i s  

mode i n  t h e  p r e s e n t  suspens ion .  

The a p p l i c a t i o n  o f  t i l t  ang le s  of  about  50 seconds  

of a r c  gave n e t i c e a b l e  change i n  t h e  d e t e c t o r  m t p u t  bu t  

an a c c u r a t e  c l o s e d  loop  response  t o  s t e p  a c c e l e r a t i o n  i n -  

p u t s  h a s  y e t  t o  be determined.  

The v a r i a t i o n  i n  t h e  frequency of t h e  damped o s c i l -  

l a t i o n  i n  F igu re  7.5-3 may be expla ined  as  f o l l o w s :  f o r  

sma l l  ampl i tudes ,  w e l l  w i t h i n  the l i n e a r  range  of t h e  

d isp lacement  d e t e c t o r ,  t h e  frequency was about  2.5 c / s  

due t o  a f a i r l y  t i g h t  loop wi th  an e f f e c t i v e  s p r i n g  con- 

s t a n t  o f  250 dynes/cm. A s  t h e  ampli tude i n c r e a s e d ,  t h e  

c u r v a t u r e  of t h e  d e t e c t o r  ou tpu t :  F igu re  5.4.2-3; had 

t h e  e f f e c t  of dec reas ing  t h e  n e t  ga in  i n  t h e  loop t h u s  

dec reas ing  t h e  s p r i n g  cons t an t  and hence t h e  n a t u r a l  

f requency  . 

7 .6  Ana lys i s  of  t h e  Exci ted  Mode of O s c i l l a t i o n  

The e x c i t e d  mode of o s c i l l a t i o n  was most probably  

caused by t h e  d e t e c t o r  be ing  s e n s i t i v e  t o  r o t a t i o n s  and 

displacements about  o t h e r  axes. Assuming t h e  magnet i s  

s t a b i l i z e d  a t  n u l l  w i th  t h e  loop c losed  and a l lowing  a 
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s l i g h t  r o t a t i o n  of t h e  magnet about t h e  t r a n s v e r s e  h o r i -  

z o n t a l  a x i s ,  F i g u r e  7.6-1,  the d e t e c t o r  o u t p u t  i s  reduced 

2nd 3 d i f f e r e n t i a l  c c r r e n t  fo rce  is e x e r t e d  5s +ha C I I b  m D n r r a t  L L L U & . , b  L 

t end ing  t o  push i t  back t o  n u l l .  With t h e  magnet i n  t h i s  

p o s i t i o n ,  t h e  s t a b i l i z i n g  f o r c e  w i l l  now cause  a t o rque  

t end ing  t o  r o t a t e  t h e  magnet even f u r t h e r .  i n i s  r o t a t i o n  

i s  checked by t h e  t i g h t  r a d i a l  suspension and t h e  magnet 

i s  r e t u r n e d  towards i t s  normal p o s i t i o n .  A s  i t  goes p a s t  

n u l l ,  t h e  same behavior  t a k e s  p l ace  f o r  r o t a t i o n  i n  t h e  

o p p o s i t e  d i r e c t i o n .  The ef fec t  soon b u i l d s  up u n t i l  r e son-  

ance i s  achieved .  Coupled wi th  the  r o t a t i o n a l  o s c i l l a -  

t i o n s  t h e r e  i s  a l s o  t r a n s l a t i o n a l  o s c i l l a t i o n s  due t o  t h e  

o t h e r  e f f e c t  of t h e  s t a b i l i z i n g  f o r c e .  

-. 

The r e sonan t  f requency w a s  7 c/s  s o  t h a t  t h e  r a d i a l  

s p r i n g  c o n s t a n t  w a s  2000 dynes/cm i n d i c a t i n g  a t i g h t  

,,A,’ 1 -- 
L Q U L a L  3 U D ~ C l 1 3 A U l 1 .  

This  mode of o s c i l l a t i o n  was e l i m i n a t e d  by f i l t e r i n g  

s i n c e  i n  doing s o  t h e  phase of t h e  t o rque  was a l t e r e d  and 

t h e  c o n d i t i o n  f o r  s u s t a i n i n g  t h e  o s c i l l a t i o n  d i sappea red .  
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CHAPTER 8 

CALIBRATION 

8.1 Genera l  

A s  was mentioned ea r l i e r ,  t h e  f o r c e  g e n e r a t e d  by 

t h e  r e s t o r i n g  c o i l s  cannot  be a c c u r a t e l y  de te rmined .  The 

s t e a d y  s t a t e  d i f f e r e n t i a l  c u r r e n t  i n  t h e  c o i l s ,  when i n  

c losed  loop  o p e r a t i o n ,  i s  a measure of t h e  a p p l i e d  ac -  

c e l e r a t i o n . ,  For t h e  purpose of c a l i b r a t i o n ,  an  ex-  

t e r n a l  f o r c e  of known magnitude is e x e r t e d  on t h e  mag- 

n e t  and t h e  cor responding  d i f f e r e n t i a l  c u r r e n t  r eco rded .  

T h i s  can be r e p e a t e d  f o r  o t h e r  magnitudes of t h e  f o r c e  

t o  o b t a i n  a C a l i b r a t i o n  curve .  

S ince  t h e  mass of the  magnet i s  1 gram, an e x t e r n a l  
-6  

fnrrp nf dynes corresponds to an acce lera t ion  of 10 g ,  

Cons ider ing  t h e  methods of g e n e r a t i n g  sma l l  f o r c e s  

o u t l i n e d  i n  Chapter  3 ,  and keeping i n  mind t h a t  t h e  range 

of i n t e r e s t  ex tends  below 10 

v i d e s  a f e a s i b l e  s o l u t i o n .  

-6 g ,  t h e  photon f o r c e  pro-  

P o s s i b l e  methods f o r  g e n e r a t i n g  a s u i t a b l e  photon 

f o r c e  f o r  LLAU a p p l i c a t i o n  a r e  examined i n  t h e  fo l lowing  

s e c t i o n s .  
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8.2 Requirements f o r  Appl ica t ion  of Photon Force 

Severa l  requi rements  have t o  be m e t  f o r  t h e  a p p l i c a -  

t i o n  of photon f o r c e .  

( a )  The a v a i l a b l e  s u r f a c e  a r e a  d i c t a t e s  t h e  power 

d e n s i t y  i n  t h e  beam. I n  LLAMA, because of  f l o a t  

h e i g h t  l i m i t a t i o n  i n  t h e  p r e s e n t  s e t u p ,  t h e  a v a i l -  

a b l e  s u r f a c e  i s  a d i s c  1 c m  i n  d iameter  o r  an a r e a  

of 0.78 cm . The a r e a  of t h e  l a r g e s t  square i n -  

s c r i b e d  i n  t h e  d i s c  i s  0.51 a n  . To gene ra t e  

low f o r c e s  i s  s imple.  To g e n e r a t e  dynes 

r e q u i r e s  i . 5  w a t t s ,  s ee  Sec t ion  3.3.1 f o r  a pe r -  

f e c L l y  r e f l e c t i n g  s u r f a c e  and t h e  power d e n s i t y  

i s  2-3  watts/cm2 depending on t h e  c r o s s - s e c t i o n  

of t h e  beam. P o s s i b l e  sources a r e  d i scussed  

ir. S e c t i m  8.3. 

2 

2 

(b )  A high vacuum environment below t o r r  must 

p r e v a i l ,  t o  avoid  thermal e f f e c t s ,  see Sec t ion  

2.3.3. The vacuum sur rounding  t h e  l i q u i d  hel ium 

i n n e r  b o t t l e  i s  e x c e l l e n t  s i n c e  a f t e r  a s h o r t  

pe r iod  of t i m e  on ly  hel ium gas can e x i s t  i n  

t h i s  r e g i o n ,  s i n c e  a l l  o t h e r  gases  l i q u i f y  due 

t o  t h e  cryopumping a c t i o n  of t h e  l i q u i d  hel ium. 

To ensure  t h e  absence of hel ium g a s ,  t h e  en- 

c l o s u r e  can be f l u s h e d  w i t h ,  s ay  n i t r o g e n .  
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! c ) ~ ~ p ~ e r ,  in the p r e s e n t  system; a i r  which is 

r i c h  i n  hel ium due t o  the e v a p o r a t i o n  of l i q u i d  

helium from t h e  i n n e r  b o t t l e ,  can l e a k  i n  from 

o u t s i d e  v i a  t h e  '0' r i n g  feed  throughs  and a 

heliilnl atrnnsphere can bu i ld  up. I f  found neces -  

s a r y ,  a l o w  p r e s s u r e  pump can be permanent ly  

i n c o r p o r a t e d  so a s  t o  keep t h e  vacuum as low 

as  d e s i r e d .  

( c )  The s u r f a c e  must have a h igh  work f u n c t i o n  s o  a s  

t o  reduce  t h e  gene ra t ion  of p h o t o - e l e c t r o n s ,  see 

S e c t i o n  3.3.2. 

8.3 C r i t e r i o n  f o r  Choice of Source 

A good source  of photons i s  a l i g h t  sou rce .  Source 

of light v a r y  i n  b r i g h t n e s s ,  s i z e  of sou rce :  spectral d i s -  

t r i b u t i o n  of t h e  r a d i a t e d  energy,  t h e  d i r e c t i o n  of t h e  

r a d i a t i o n  and so  on. 

I n  t h e  c a s e  of LLAMA, t h e  photon beam n o t  on ly  has  

t o  be squeezed on t o  an area l e s s  than  1 an', bu t  a l s o  

has  t o  meet a beam ang le  requirement imposed by t h e  geo- 

r e t r y  o f  t h e  suspens ion .  

I n  o r d e r  t o  develop a c r i t e r i o n  by which v a r i o u s  

s o u r c e s  may be judged ,  a s imple  o p t i c a l  c o n f i g u r a t i o n  i s  

assumed, see F i g u r e  8.3.-1 where 
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LENS 

Figure 8.3-1 O p t i c a l  Configuration for 
Comparison of Sources  

= p r o j e c t e d  a r e a  o f  source  normai t o  o p t i c a i  a x i s  al  

= b r i g h t n e s s  of source B: 

a,, = p r o j e c t e d  a r e a  of image normal t o  o p t i c a l  a x i s  
L 

- 

8 = angular  semi-aper ture  of l e n s  from source  

= a--” 115ular semi-aperture ~f 1er;s from image 

= d i s t a n c e  of source from l e n s  s1 

= d i s t a n c e  of image from l e n s  

F = flux c o l l e c t e d  by l e n s  

Assuming t h e  source  e m i t s  e q u a l l y  i n  a l l  d i r e c t i o n s ,  

i . e . ,  a Lambert’s Law r a d i a t o r ,  t h e  f l u x  c o l l e c t e d  by an 

elemental  r i n g  a t  t he  l e n s  i s  given by 
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+ = a n g l e  subtended by r i n g  

= s o l i d  ang le  subtended by r i n g  

r = d i s t a n c e  o f  any element  o f  r i n g  from source  

and 

The t o t a l  f l u x  c o l l e c t e d  by t h e  l e n s  i s  

a 
Now s u b s t i t u t i n g  f o r  s i n  8 and no t ing  t h a t  % = 5 

s,= 

The f l u x  c o l l e c t e d  by t h e  image i s  FT where T i s  

t h e  t r ansmiss ion  f a c t o r  of t h e  l e n s ,  p rovided  t h e  image 

i s  smaller o r  equa l  t o  t h e  a v a i l a b l e  image a r e a .  

I For a given c#) , equat ion 8.3-1 shows t h a t  F i s  
~ i nc reased  i f  t n e  product  Blal i s  maximized and 

1 i s  minimized. al 
a2 cmagn i f i ca t ion j2  

- =  
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For a given l e n s ,  t h e r e  i s  a d e f i n i t e  l i m i t  on t h e  

magni f ica t ion  f o r  each va lue  of 4) . 
t h e  magni f ica t ion  f o r  d i f f e r e n t  valueSo€ + f o r  an f / l  

l e n s .  Another l i m i t  on t h e  magn i f i ca t ion  i s  the s i z e  of 

t h e  t a r g e t  a r e a .  

F igure  8.3-2 shows 

Using Equat ion 8.3-1,  t h e  l i m i t a t i o n  on magni f ica-  

t i o n  from Figure  8 .3-2 ,  and assuming a t a r g e t  a r e a  of 

0.25 cm , t h r e e  promising sources  w e r e  compared. All t h r e e  

w e r e  high p r e s s u r e  mercury a r c  lamps and t h e i r  c h a r a c t e r -  

i s t i c s  a r e  given i n  Table  8.3-1 

2 

I I 

f a b l e  8 . 3 -  I 

F igure 8.3-3 shows a p l o t  of t h e  f l u x  c o l l e c t e d  by 

an f / l  l e n s  ( i n  a r b i t r a r y  u n i t s )  a g a i n s t  f f o r  t h e  t h r e e  

sources .  



79 

4 

i 

i I I 
I I 

‘v‘ 
a 

%- 

li) 

0 
F1 

‘J3 . 



80 



81 

With a 5, cm d i a m e t e r ,  f/l l e n s ,  t h e  LLAMA geometry 

d i c t a t e  a less than  6'. Figure 8.3-3 shows t h a t  t h e  

100 wat t  lamp c o l l e c t s  t h e  most f l u x  i n  t h e  r e g i o n  where 
I 

9 i s  below 6 degrees .  

8 . 4  Force  Avai lab le  from 100 Watt Arc Lamp 

The o p t i c a l  c o n f i g u r a t i o n  f o r  t h e  measurement o f  

t h e  power from t h e  100 wa t t  arc lamp i s  shown i n  F igu re  

8 .4 -1  and a photograph of t h e  se tup  i s  shown i n  F igure  

8.4-2. The lamp was an O s r a m  HBO-109 mercury a r c  lamp. 

The r a d i a t i o n  from t h e  lamp w a s  c o l l e c t e d  by an f / l  

l e n s  and focussed on a thermopile  20 cm away a f t e r  a t t e n -  

u a t i o n  by a n e u t r a l  d e n s i t y  f i l t e r .  

w a s  made use of by p l a c i n g  a s p h e r i c a l  r e f l e c t o r  w i th  

The back r a d i a t i o n  

t h e  sou rce  a t  i t s  c e n t e r  of cu rva tu re .  The hiage size 

was less than 0.25 a n L  and t h e  m a s u r e d  power was 3.5 

w a t t s .  (This  t a k e s  i n t o  account  t h e  a t t e n u a t i o n  of t h e  

f i l t e r . )  

The l e n s  used was uncoated and made from o rd ina ry  

l e n s  g l a s s .  A coated q u a r t z  l ens  would have inc reased  

t h e  power by reducing  t h e  r e f l e c t i o n  a t  t.he l e n s ,  and 

t h e  u l t r a  v i o l e t  absoopt ion  by t h e  l e n s .  The l i n e  

s p e c t r a  sf the laqp extended t o  b e l o w  29OOA . 0 
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To i n c r e a s e  t h e  power even more,  a good q u a l i t y  alum- 

i n i z e d  e l l i p t i c a l  r e f l e c t o r  w i th  an  e q u i v a l e n t  speed of 

f /  2 
g e t  a t  t h e  o t h e r  focus .  

can be used w i t h  the lamp a t  one focus  and t h e  t a r -  

Already t h e  measured power of 3.5 w a t t s  i s  e q u i v a l e n t  

t o  more  than 2 x dynes.  

A W source  i s  p r e f e r r e d  s o  as t o  minimize t h e  

hea t ing  e f f e c t  i n s i d e  t h e  c ryogen ic  environment t o  con- 

s e r v e  t h e  hel ium. 

Another advantage f o r  u s i n g  a W source  i s  i t s  com- 

p a t a b i l i t y  wi th  the 8328Ao wavelength o f  t h e  helium-neon 

l a se r  c h a t  i s  p rop^sed  f e r  use in t h e  interfercmeter. The 

f i l t e r i n g  problem i s  eased  when t h e  wavelengths  of t h e  

sources  a r e  widely s e p a r a t e d .  

Other sou rces  t h a t  can g ive  a s l i ~ h t l y  U h i p h e r  m -  - -  n n w e r  i - 

d e n s i t y  i n  a beam ang le  of less than 6' are  a v a i l z b l e  ir! 

t h e  fo rm of h igh  i n t e n s i t y  carbon a rc  lamps t h a t  consume 

around 1'4,000 w a t t s .  

8 .5  Measurement of Photon Force 

By measuring t h e  power i n  a photon beam, t h e  f o r c e  

i t  can e x e r t  can be c a l c u l a t e d  from Equat ion 3.3.1-1.  

The i d e a l  d e t e c t o r  i s  one t h a t  h a s  a f l a t  response  

f o r  a l l  wavelengths i n  t h e  beam, a h i g h  s i g n a l  t o  n o i s e  
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conduct ing  and p h o t o - v o l t a i c  cel ls  where t h e  i n c i d e n t  photons 

change t h e  d e t e c t o r  c h a r a c t e r i s t i c  d i r e c t l y  e x h i b i t  d i f f e r e n t  

s e n s i t i v i t i e s  f o r  d i f f e r e n t  wavelengths.  Th i s  p r o p e r t y  i s  

u n d e s i r a b l e  u n l e s s  t h e  beam is monochEomatic. 

Thermal d e t e c t o r s ,  such as a the rmop i l e ,  abso rb  t h e  r a -  

d i a t i o n  i n  a b l a c k  s u r f a c e  and de tec t  t h e  tempera ture  rise 

i n  t h e  s u r f a c e  by t h e  P e l t i e r  E f f e c t .  A s u r f a c e  such a s  

lamp b l a c k  abso rbs  e q u a l l y  over a wide range .  One d isadvan-  

t a g e  w i t h  thermal  d e t e c t o r s  i s  the  i n h e r e n t  t i m e  c o n s t a n t  

of t h e  o r d e r  of a second which can become troublesome when 

t h e  beam i s  modulated. The no i se  l e v e l  i s  n e g l i g i b l e  s i n c e  

t h e  s i g n a l  i s  high. 

8.6  Modulation of Photon Force 

The s e a r c h  f o r  a s imple  nonmechanical method f o r  t h e  

c o n t r o l  of t h e  i n t e n s i t y  of a photon beam i s  i n t e n s e .  

E l e c t r o  o p t i c a l  t e c h n i q u e s ,  however, do e x i s t  u s ing  t h e  
11 Kerr c e l l  o r  t h e  Pockels  e f f e c t  where t h e  l i g h t  i s  f i r s t  

p o l a r i z e d  by a 0' p o l a r i z e r ,  passes  through 0'-90' v a r i a b l e  

p o l a r i z e r  and f i n a l l y  through a 90° p o l a r i z e r .  By va ry ing  

t h e  a n g l e  of t h e  po la r i za t ion% t h e  m i d d l e  p o l a r i z e r ,  t h e  

i n t e n s i t y  of t h e  bean can be modulated. The maximum t r a n s -  

mis s ion  i s  about  2 5 % .  

1c) 



Mechanical s h u t t e r s  are numerous and can be used e i t h e r  

as a p e r t u r e  c o n t r o l l e r s  o r  a s  choppers .  A s u i t a b l e  method 

f o r  gene ra t ing  p u l s e s  of va ry ing  wid ths  from a c o n s t a n t  beam 

can be achieved  us ing  a s t e p p i n g  motor.  13 

Sources such as  f l a s h  t u b e s  can be e a s i l y  c o n t r o l l e d  

by varying t h e  f l a s h  ra te  but  t h e  average  power ou tpu t  f o r  

a per iod  of t i m e  i s  below 1 w a t t  w i th  p r e s e n t  dev ices .  

The a p p l i c a t i o n  of  i n j e c t i o n  lasers i s  d i scussed  i n  

t h e  next s e c t i o n .  

8 . 7  I n j e c t i o n  ILiwax App l i ca t ion  

I n j e c t i o n  lasers a re  i d e a l  f o r  t h e  g e n e r a t i o n  of photor. 

i o r c e .  The b e m  i s  narrow,  i n t e n s e  and can be e l e c t r o n i c a l l y  

modulated. The f a c t  t h a t  t h e  r a d i a t i o n  i s  n o t  h i g h l y  mono- 

cnromacic 3r coherent  i s  of  l i t t l e  consequence. 

Present  i n j e c t i o n  lasers have reached an o u t p u t  pawer 

of 3 watts i \ont inuous - -  b u t  t h e s e  d e v i c e s  a re  s t i l l  i n  t h e  

exper imenta l  s t a g e .  

The c ryogenic  coo l ing  t h a t  i s  r e q u i r e d  f o r  t h e  lasers  

p r e s e n t s  no problem i n  t h i s  case s i n c e  l i q u i d  hel ium and 

n i t r o g e n  a re  a l r e a d y  a v a i l a b l e  f o r  t h e  suspens ion .  
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8.8 P o s s i b l e  C a i i b r a t i o n  Method 

To g e n e r a t e  a l o w  l e v e l  fo rce  of dynes  and less 

of known magnitude i s  one problem, t o  use  t h i s  f o r c e  f o r  

c a l i b r a t i o n  on e a r t h  i s  ano the r  problem. 

Assuming i d e a l  c o n d i t i o n s  where tiit: outside i n t e r -  

f e r e n c e  i s  n e g l i g i b l e  du r ing  time needed f o r  c a l i b r a t i o n ,  

a p o s s i b l e  method i s  shown i n  F igure  8.8-1. 

The photon beam is  d i r e c t e d  a t  an aluminum d e p o s i t e d  

d i s c  a t t a c h e d  a t  one end of  t h e  magnet. A w e l l - c a l i b r a t e d  

beam s p l i t t e r  d e f l e c t s  1 of t h e  beam on to  a the rmop i l e .  

Th i s  d e f l e c t e d  beam i s  made t o  pass through i d e n t i c a l  win- 

dows, r e j e c t i o n  f i l t e r s ,  and so on as t h o s e  i n  t h e  main beam 

f o r  compensation. The i n t e n s i t y  of  t h e  beam can be v a r i e d  

by n e u t r a l  d e n s i t y  f i l t e r s  and the  d i f f e r e n t i a l  c u r r e n t  re- 

q-ciirzd t~ keep tt;e magnet af, .-,*ill i~ - + - n m n - r J n J  
L I U A A .  LC-bV&UC" sc) as t o  cb- 

t a i n  a c a l i b r a t i o n  cu rve .  I f  t h e  d i f f e r e n t i a l  c u r r e n t  i s  

t o o  s m a l l ,  t h e  number of t u r n s  i n  t h e  c o i l s  can be reduced .  

If t h e  i s o l a t i o n  i s  n o t  i d e a l ,  an  a l t e r n a t i n g  f o r c e  

can be a p p l i e d  by chopping t h e  photon beam. The f requency  

has  t o  be chosen so t h a t  i t  can be e a s i l y  f i l t e r e d  o u t .  

The cho ice  of f requency depends on t h e  s t a t i s t i c a l  behavior  

of t h e  i n t e r  e r ence  f o r  t h e  p a r t i c u l a r  environment s e l e c t e d  

and on t h e  bandwidth of t h e  acce le romete r .  A survey  of 

v a r i o u s  d i s t u r b a n c e s  and a means f o r  b u i l d i n g  an i s o l a t i o n  

p l a t f o r m  i s  given i n  R e f .  15. 
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CHAPTER 9 

CONCLUSIONS AND FURTHER WORK 

The exper iments  t h a t  have been c a r r i e d  o u t  s o  f a r  

were of  a p re l imina ry  n a t u r e .  The p r e c i s e  l o c a t i o n  of 

n u l l ,  a c c u r a t e  l e v e l l i n g  of t h e  superconduct ing  tube and 

a c c u r a t e  p o s i t i o n i n g  of  t h e  r e s t o r i n g  c o i l s  a r e  needed 

be fo re  d a t a  can be r e l i a b l y  i n t e r p r e t e d .  However, un- 

less a s t a b l e  v i b r a t i o n  i s o l a t e d  base is  used ,  t h e r e  i s  

n o t  much t o  be ga ined  from such f i n e  ad jus tments .  The 

a v a i l a b i l i t y  of a more s e n s i t i v e  d isp lacement  d e t e c t o r  

would enab le  t h e  c l o s e  examination of t h e  r eg ion  around 

---l I I U I L , f O r  3 in chis region lie the  advantages and the u l c i -  

mate l i m i t a t i o n s  of t h e  acce lerometer .  

With t h e  crude form of t h e  acce lerometer  t h a t  was 

u s e d ,  an open loop th re sho ld  s e n s i t i v i t y  of 10-5g was 

observed.  

The s u c c e s s f u l  c l o s i n g  of the loop around t h e  magnet 

showed t h a t  it was f e a s i b l e  t o  s t a b i l i z e  a t e s t  mass with 

3 degrees  of freedom along one a x i s .  The mode of o s c i l l a -  

t i o n  about  t h e  t r a n s v e r s e  h o r i z o n t a l  a x i s  t h a t  was e x c i t e d  

was due t o  t h e  d e t e c t o r  being s e n s i t i v e  t o  r o t a t i o n  of  t h e  



90 

magnet about  t h a t  a x i s .  T h i s  o s c i l l a t i o n  w a s  e l i m i n a t e d  

by de lay ing  t h e  phase of t h e  r e s t o r i n g  f o r c e .  

A c losed  loop s t e p  inpu t  response  and a f requency  re -  

sponse f o r  d i f f e r e n t  v a l u e s  of l ead  compensation would con- 

t r i b u t e  t o  b e t t e r  unders tanding  o f  t h e  dynamics of t h e  

acce lerometer .  

The u s e  of photons f o r  g e n e r a t i n g  a measureable  l o w  

l e v e l  f o r c e  f o r  c a l i b r a t i o n  was i n v e s t i g a t e d .  Experiments 

w i th  a 100 w a t t  a r c  lamp demonst ra ted  t h a t  s u f f i c i e n t  power 

d e n c i ~ y  X ~ S  available f r o m  t h e  lamp f o r  c a l i b r a t i o n  up t o  
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APPENDIX A 

CORPUSCULAR CONCEPT OF LIGHT PRESSURE 

16 The co rpuscu la r  concept  of l i g h t  ( o r  e l e c t r o -  

magnetic r a d i a t i o n )  assumes t h a t  l i g h t  zo r i s i s t s  cf p a r -  

t i c l e s  r e f e r r e d  t o  as photons or  l i g h t  quanta .  

ev idence  f o r  t h i s  theory  i s  i n  t h e  p h o t o - e l e c t r i c  

e f f e c t ,  t h e  Compton e f f e c t ,  s c i n t i l l a t i o n  e f f e c t ,  e tc .  

The 

The energy ,  E ,  of a photon is found t o  be propor-  

t i o n a l  on ly  t o  i t s  f requency  3 so t h a t  

E = h s  

T h e i v e l o c i t y  of a photon v i s  t h a t  of t h e  v e l o c i t y  

of l i g h t  c and t h e r e f o r e  t h e  mass m of a photon i s  given 

by t h e  r e l a t i v i s t i c  equa t ion  

I where mo i s  t h e  rest  mass o f  t h e  photon and v * c .  

The momentum of a photon 5 i s  given by 
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( A - 3 )  

The t o t a l  energy of a photon i s  given by t h e  E i n s t e i n  

equat ion 

El imina t ing  mo from ( A - 3 )  and ( A - 4 )  g ives  

( A - 4 )  

( A - 5 )  

# whel: v = c s o  m0 

7- 
V I -  ; 

(This  i s  o n l y  v a l i d  i f  

t h a t  a s  v + c ,  m + 0 ,  hence t h e  assmnp- 

t i o n  t h a t  a photon has  z e r o  mass) .  
0 

Equat ions  ( A - 1 )  and 

( A - 5 j  g ive  

( A - 6 )  

If now a photon impinges normal ly  on a p e r f e c t l y  

absorb ing  s u r f a c e ,  t he  p r e s s u r e  e x e r t e d  by t h e  photon on 

the  su r face  i s  t h e  change i n  momentum i n  t h a t  d i r e c t i o n .  

Therefore  t h e  p r e s s u r e  p i s  given by 
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o r  

If now, a beam of photons of d e n s i t y  p and c r o s s - s e c t i o n  

a r e a  A impinges normally on t h i s  s u r f a c e ,  t h e  t o t a l  num- 

ber of photons impinging on t h e  s u r f a c e  i s  p c A.  

f o r e  t h e  p r e s s u r e  P e x e r t e d  on the  s u r f a c e  p e r  u n i t  a r e a  

i s  g i v e n  by 

There-  

The energy  i n  the  beam p e r  u n i t  area i s  W where 

\CJ = e c b  

p - !i (I+.) - c  - -  

If W i s  i n  wat ts /cm2,  c i n  cm/sec, P i s  i n  dynes/cm 2 o r  
k’ c I+ r) * 10 7 

given  by P z - c 
Example If W = 1 watt/cm 2 , c = 3 x 10 10 c m ,  r = 1 
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